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CHAPTER 1
INTRODUCTION

The decay of a nucleus in an excited state is usually considered
as proceeding by the independent processes of gamma ray emission and
internal conversion, which, when detected, yield monoenergetic distri-
butions in energy. However, it has been observed that the conversion
electron spectrum of various nuclear decays contains a continuous
distribution of electrons in the energy range just below the K shell
conversion line. The presence of this continuous distribution has been
ascribed to the internal Compton effect in which an orbital electron
and a gamma ray are simultaneously emitted and share the energy of the
nuclear transition. In analogy to the external Compton effect, the
process can be considered to take place by means of the nucleus
emitting a virtual gamma ray which scatters off the atomic electrons
and results in an ionized electron and a real gamma ray being emitted.
As in internal conversion, the virtual gamma ray is the field charac-
terized by the periodic oscillations of the electric or magnetic moment
of the nuclear charge distribution. Taylor and lott1 have shown that
the process where the atomic electrons de-excite the nucleus proceeds
by direct interaction of the inner electrons with the nucleus, and that
it is not a phenomenon uniquely involving a real gamma ray in the
initial state. The nomenclature of internal Compton effect is a result

of the interpretation in which the nuclear field is characterized as a




virtual gamma ray. In this case, the interaction can be described as a
scattering process similar to that of the external Compton effect with
the exception that the initial photon is no longer a plane wave.

Internal bremsstrahlung, a process resulting in the same final
states of electron and gamma ray, is described as the radiation accom-
panying charged particle transformation in processes like beta decay.
Classically, it is also possible to think of the internal Compton
effect as being of a bremsstrahlung origin if one considers the radia-
tion to occur when the inner shell electrons interact with the nuclear
field and are accelerated to an ionized state. Under these conditions,
the internal Compton effect could be described as radiative conversion2
resulting from the emission of a photon in the internal conversion
process.

The internal Compton effect, in comparison to other nuclear
processes, is quite small. 1Its intensity is less than that of the
conversion by a factor the order of a, the fine structure constant, and
less than gamma ray emission by a factor of 8. The observation of the
internal Compton effect can easily be obscured by the presence of back-
ground radiation resulting from the Compton scattering of higher energy
gamma rays in the source or detector, from a backscattering distribu-
tion of the conversion line, or by a competing beta decay. Because
these experimental problems have made direct observation of the electron
spectrum of the internal Compton effect very difficult, experimenters
have instead considered the angular correlation between the electron
and the scattered gamma ray.3’4’5’6

In performing this experiment we sought to confirm the existence

of the internal Compton effect and to investigate whether the distributions




could be used to determine the multipolarity of nuclear transitioms.

At present, multipolarity assignments are made on the basis of
angular correlation experiments or by comparing the internal conversion
coefficients with the theoretical predictions. Because of persistent
problems with efficiency and solid angle ratios, statistics, scattering,
and background, the above methods sometimes yield ambiguous results.

Determining the multipolarity assignments by observing the
internal Compton effect with the superconducting magnet spectrometer
has several possible advantages. The design of the spectrometer has
eliminated all instrumental distortions from the electron spectrum and
enables small effects to be observed without coincidence techniques.

By fitting the theoretical distributionsbfor the internal Compton
effect to the data there are two criteria on which to judge the multi-
polarity assignment: the intensity of the effect as a function of
multipole order, and the shape of the energy distribution as a function
of multipolarity. Either or both of these criteria, in conjunction
with the theoretical calculations for the internal conversion
coefficients, may be able to lead to a new method of determining the

multipolarity of a converted nuclear decay.



CHAPTER 11
THEORY

The first consideration of the internal Compton effect was
made by E. P. Cooper and P. uorrison7 who termed the process the
internal scattering of gamma rays. Several experimenters8 had
noted that the spectrum of ThC" contained an unexpectedly large number
of electrons in the energy range just below the strong K shell conver-
sion line from a 2.62 MeV transition. It was realized that these
electrons appeared above the upper limit for the energy that a recoil
electron could receive in Compton scattering in the source. In
Compton scattering, the incident quantum cannot transmit an arbi-
trary amount of its energy to the electron because of the conservation
of momentum between the incident plane wave and the free electron. In
the internal Compton effect, however, the electron interacts with the
spherical multipole field of the nucleus, which being a heavy body,
can take up momentum without removing a significant amount of energy.
This relaxes the momentum requirements on the gamma quantum and allows
the electron to acquire any energy up to the energy of the transition
minus the binding energy.

An idealized sketch of the internal Compton effect showing the
electron and gamma distributions is given in Figure 1. For any event,

the sum of the scattered electron energy, Ee, and the photon energy, k,
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Fig. 1 Idealized electron and gamma ray distributions of the
internal Compton effect. The arrows indicate one set
of energies satisfying the relationship E_+ kaW=~Eg .
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must be equal to the energy of the transition minus the binding energy.

- - W
Ee + k=W EB = W 1)

Cooper and Morrison limited their calculation to consideration
of scattering of the s electrons from the K shell by a quantized
electric dipole radiation field in the 1limit that the transition
energy approaches infinity. This restriction is nof easily applied to
transitions of 1 MeV or less, so this calculation is not included for
comparison with the data. It is interesting to note, however, that at
the time the calculation was performed, the result was so small that
Cooper and Morrison reached the conclusion that the spectrum was
instrumentally produced.

The calculations which we will compare with the observed data
can be subdivided into two classes: those which describe the proba-
bility of a K shell electron interacting with the nuclear field and
subsequently ejected with a photon, and those which describe the process
as bremsstrahlung of the emitted conversion electrons.

The internal bremsstrahlung of charged particles was derived by
Knipp and Uhlenbeck9 to explain the continuous radiation which accom-
panies beta decay. The process, as applied to internal conversion, is
interpreted as the radiation emitted as an electron is leaving the
field of the nucleus with a definite energy. They have calculated,
using relativistic quantum mechanics and the Born approximation for the
final electron state, the probability that an electron, born at the
nucleus at a time t = 0 with an energy w’, will emit a quantum of

energy k. To find the probability that the system of the electron and
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the radiation field be in the final state with a total energy W= Ee + k
at a time t, first order perturbation theory for a one photon change was
employed. The initial electronic wave functions were free, outgoing,
nonallowed solutions to the Dirac equation and were necessary to describe
an electron leaving the nucleus anfl to give rise to radiation. The

result of the calculation for am allowed transition of the nucleus is

g = apsin6de ¥ o+ l="ee _ 1 — - (2)
- 2np_k W(Ee - pcosf) (W - pcos@ )
or by integrating over 6,
g = op ¥ o+ EZ log (Ee +p)-2 (3)
—ﬂ%k Wp

where 6 is the angle between the observed electron and gamma ray of
momentum p and k respectively, o is the fine structure constant, and

W and pe are the energy and momentum of the electron as it is created.
Throughout this paper we will use the system of units whereh = c=m =1,
Equations (2) and (3) express the differential and total probability
per unit time than an electron, already created and leaving the nucleus,
will radiate a quantum of energy k and itself be detected with an
energy Ee. When applied to the process of internal conversion, the
total probability function is interpreted as the quotient of the
probability per unit time for the internal Compton effect and the
probability per unit time for the conversion process. This relative
probability, pﬂ is then called the internal Compton coefficient. The
calculations are expected to be valid for low Z and particle of high
energy as required by the Born approximation (Z2a/p<<l). The probabili-

ties are independent of Z and multipole order which restricts their



applicability and expected accuracy for predicting the internal Compton
effect in most nuclei. |

C. S. W. Chang and D. L. Falkofflo have developed a similar
expression for the probability of electron bremsstralung from semi-
classical methods. Their calculation is based on the classical assump-
tion that an accelerated charge radiates, and in this case they have
assumed that the electron leaving the nucleus was given its velocity
instantaneously at t = 0. Here Z is set equal to zero and no attempt
is made to account for the manner in which the electron received its

energy. The result of this derivation yields

ag - a B2 sin® @sin6do
2mk (1 - Bcosg ) (4)

where o = 1/137 and 8 By integrating over 8, one gets
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This is the same result that can be arrived at from the Knipp-
Uhlenbeck theory if one makes the substitutions W = Ee' pe = p required
by the assumption that k is small, and p/Ee =8, = 1/(1 - p2) derived
from the relativistic electron relationships. In both cases, in order
to arrive at numerical results for the internal Compton effect, it is
necessary to multiply by the number of internal conversion electrons
emitted.

Baumann and Robl11 have calculated an exact quantum mechanical
extention of the work done by Chang and Falkoff on internal bremsstrahlung.

They calculate the probability for emission of an electron and a coincident

1 s e bl o 4 b



gamma ray under the condition k>>Z/137 which requires that the observed
gamma ray be of high energy and the nucleus be of small atomic number.
Their calculation, limited to interactions with the K shell electrons,
and performed with relativistic wave functions, yields the following

result for the electric and magnetic transitions of multipole order £ .

n_? | p*sin?e a0+\ ]

d = V)| — + O, * p At ad N i
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where q = 3 +'§, W equals the transition energy, E and p are the final
energy and momentum of the electron, k is the energy of the gamma ray,
and 0 the angle between the electron and the gamma ray. In these cal-
culations dy represents the differential probability per unit time for
the internal Compton effect divided by the probability per unit time
that the nucleus undergoes a transition. To calculate the electron
spectrum versus the energy of the electron, it is necessary to
numerically integrate these equations over 6, the direction of the
gamma ray, and multiply by the total number of transitions.

In the limiting case where k - 0, or q - p, the Baumann-Robl
theory reduces to the semi-classical result of Chang and Falkoff for
bremsstrahlung for small energy losses.

A. M. Iakobson12 has developed a nonrelativistic perturbation
approach under the restriction that the transition energy be much less
than the electron rest energy. The calculation assumes a nonrelativis-
tic interaction between a charged particle and the electromagnetic field
which he quantizes with spherical waves. Hydrogen-like, nonrelativistic
wave functions were used for the electron and the final state treated
in the Born approximation where only the long wavelength part of the
gamma spectrum was considered. The internal Compton effect is calculated
as a relative probability coefficient defined as the ratio of the proba-
bility of the internal Compton effect to the probability for the nucleus
to emit a gamma ray from the same transition. The results for the

electric and magnetic multipole transitions are

£+3/2
8 £ 2 dk
xmagnetic = - ) o (P [ Tk (8)
L+1/2
__8 2 dk
X electric = —— o (Z) [T] x (9)
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Iakobson also includes the results of dividing his relative
probability coefficient, X, by the expression for the internal conver-
sion coefficient for the same character transition. This relative
probability, termed the internal Compton coefficient, the same for both
the electric and magnetic transitions, is now independent of multi-

polarity and Z.

4 = X Ele - X Mag - 40 1 dk
o Ele o Mag 3n w k (10)
K K

The angular dependence between the electron and gamma ray has
been integrated out in both sets of equations and therefore this calcu-
lation is not suited to angular correlations.

Equation (10) induced lakobson to suggest that perhaps the
probability of the internal Compton effect is equal to the product of
the probability for internal conversion and the probability that the
electron emits as it leaves the atom. We can compare this with Chang
and Falkoff's result by expanding their expression for the internal

Compton coefficient as follows.

o 1
f’=—nk—["§‘ n

and since

where

B=p/Ee1 m=1

11




therefore .

R == S

e

and if W = Ee according to the assumption where k - O, one gets

4o 1 1
g = —1 [ W } Kk

which is just the result of Iakobson's nonrelativistic calculation.

Expressions for the absolute and relative probabilities for the
internal Compton effect have been derived for the magnetic 2§ multipoles
by L. Spruch and G. Goertze113 using the Born approximation. On the basis
of the internal conversion calculations, they have neglected the binding
energy of the electron and restricted the process to account for only
the K shell electrons. Additional assumptions treat the intermediate
and final state of the electron as free and neglect terms in aZ as 1is
consistant with the Born approximation. It is therefore expected that
the calculations would be valid when the nuclear charge is small and the
energy given up by the nucleus is at least the order of the electron
rest energy. By dividing the probability for the internal Compton
effect by the probability for internal conversion, it is unnecessary
to evaluate the nuclear matrix elements, and, since the internal conver-
sion probability was also calculated with the Born approximation, it is
felt that this would be more valid since similar approximations are
made in each calculation.

Their result for the 21 magnetic multipoles is

2

pq HF
o )dk (11)

g(L,k,0) a

BULIE) = 5 By = A7

R 2)1+1/2
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where H = (E))72 [W@ (1 - cos?8) + ¥E'] - (E)™ [k (1 - cos8)
(k + P + pk cos®) q 2] + k [KE'- PI® (1 - cos?8) q ]
F=[(f ~W)» - (2WaZ)2]-1
E'= E_ - pcos®
This differential internal Compton coefficient represents the ratio of
the number of internal Compton electrons to the number of conversion
electrons emitted by the same transition.

The L shell coefficient, according to Spruch and Goertzel, follows
from the K shell coefficients by the replacement of Z by Z/2 if the 2p
and small components of the 2s contributions are neglected. The

spatial dependence of the 28 electron wave functions has been approxi-

mated by neglecting terms proportional in aZ. Therefore
s (r,2) = y g (r,2/2)

and the L shell differential coefficients for the internal Compton
effect become

B (£,k,0,2 ) = By A, k,0,Z = 2/2) (12)

We introduce the definitions for the differential magnetic

internal Compton coefficient and the magnetic internal conversion

coefficient
N, (1C) N (CE)
B = _i__ B = _i_.__
Ni(CE) 1 N 13)

where Ni(IC) and Ni(CE) are the numbers of emitted internal Compton
effect and internal conversion electrons respectively, and the sub-
script "i'" is designated as either K or L depending on the atomic shell

involved. N is defined as the number of gamma rays emitted from the

same transition and in the same time.

13




The magnetic internal Compton coefficient for both the K and L

shell‘contributions is then given by

N, (IC) + N_(IC)
B - B kL
K + L NK(CE) + NL(CE) (14)

and using equation (13) this becomes

. _ NK(IC) + NL(IC)
K + L NB

x T 15) ’

Since the ratio of the magnetic internal conversion coefficient 1is

R=By/PBp (16)
equation (15) becomes
5 ) NK(IC) . NL(IC)
K+L  (R+1) NBL (R + 1) NBL

Using equation (13) and equation (16), we get

By w1 - R+ Bk R+1 B
or since
NK(CE)
R = Bx _ N _ Ny (CE)
E; N, (CB) N, (CE)
N

the differential probability for the internal Compton effect from both

shells becomes

B - NK + L(IC)
K + L NK(CE) + NL(CE)

Qa7)

1L




Where the probability of the internal Compton effect is defined as

Ni (1€) probability for internal Compton effect

'i = NT probability that the nucleus makes the same transition

the differential probability involving both the K and L shells is

NK (1C) + NL (1c)

LS A N = Yty 18)

where *L is calculated by replacing Z by Z/2 in ¥

To apply Spruch and Goertzel 's calculation to the electron energy
spectrum of the internal Compton effect, it is necessary to integrate
equation (11) over & and multiply by the number of internal conversion
electrons.

In the limiting case where k - 0, the differential coefficient
again reduces to the semi-classical result obtained by Chang and

Falkoff for the bremsstrahlung associated with beta decay.

15
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CHAPTER I1I
APPARATUS-SUPERCONDUCTING MAGNET SPECTROMETER

In recent years much effort has been expended to measure »
accurately electron spectra free from instrumental distortions. The |
developers of conventional magnet spectrometers have had considerable
difficulty with scattering off focusing baffles and have had to resort
to strong sources to provide adequate counting rates. The advent of ;
silicon solid state detectors enabled measurements to be made at good
resolution, but such spectra also include Compton distributions resul-
ting from gamma rays scattered in the detector. 1In order to analyze
electron spectra under conditions of minimum distortion, a supercon-
ducting magnet spectrometer has been developed. The use of this
spectrometer, in conjunction with solid state detectors, combines the
advantages of a true 4m beta ray spectrometer with the excellent energy
resolution characteristic of silicon detectors. The complete collec~
tion of the emitted particles enables the use of very weak sources,
and thereby reduces the scattering that might occur in the source
itself. Summing the outputs of the detectors located at either end
of the solenoid has eliminated all distortion from electron back-
scattering. This allows the quantitative analysis of small effects
that otherwise might be hidden in an instrument-produced background. k

Since the flux of gamma rays is not inhanced by the application of a

16




magnetic field, the Compton distribution resulting from interactions in

the detectors has been almost totally eliminated.

Description of Equipment

The general detail of the apparatus, as illustrated in
figure 2, consists of three dewars, the magnet, and a probe containing
the detectors and source. The two outer dewars are used for the
nitrogen and helium supply, respectively, and are of conventional
design with the constraint that their diameters permit insertion of the
magnet. The inner dewar is constructed of thin-wall stainless steel
and is evacuated with an ion pump to 5 x 10-7 torr. The inner dewar
is designed to pass through the center of the solenoid and extend
beyond the level of the liquid heliﬁm. Its function is to provide
insulation of the detector probe from the helium bath. The solenoid,
containing the probe, is illustrated in figure 3. The source, mounted
on 1/4 mil aluminized milar film, is pasitioned along the axis and at
the midpoint of the magnet.

With the field directed parallel to the axis, the electrons
emitted from the source are constrained to follow helical orbits to
either of the detectors. If a particle backscatters off one of the
detectors, it spirals down the field in the opposite direction to be
coincidently absorbed by the other detector. Since the detector outputs
are summed, this arrangement adds the pulses arising from the initial
and backscattering events to yield a pulse representive of the total
energy absorbed by the detectors. In contrast, the efficiency for

gamma rays is limited to the solid angle subtended by the detectors.
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With the geometry used in the experiments, the ratio of complete
collection to the two solid angles yielded an efficiency of charged
particles over gamma rays of approximately 3 x 104 per cent.

The superconducting solenoid must meet three requirements:

1. The radius a of the working volume must be much less than
the length I to ensure a uniform field and still provide
room for the probe and insulating dewar.

2. The length / must be sufficiently long to allow a
favorable solid angle ratio for the supression of
the gamma ray distribution without including the
area where the distorting end effects become
significant.

3. The magnet must be capable of producing fields strong
enough to confine the electrons to a radius not
larger than that of the detectors.

For the solenoid spectrometer used, condition (1) was easily
met. Referring to figure 3, a = 2.54 cm, 4 = 20.3 cm, and the ratio
£/a = 8.0. Condition (2), however, is not so clearly satisfied; a
calculation of the axial magnetic field was made to insure that at least
the minimum field for focusing the electrons be present in the region
of the detectors. Referring again to figure 3, the positions of the
solid state detectors relative to the center of the solenoid are z1 = 8.9 cm
and z, = -6.9 cm. The axial magnetic field of a solenoid, as a function
of the distance (measured from the center) along the symetry axis, is

given byl4




1
82720 | T@E + @ + 2P 17 T [@ + (@, - /2P 7| a9

} * (Zi + £/2) (Zi - 4/2)
|

P This relation has been numerically evaluated, and with the field
normalized to unity at the center of the solenoid, the results graphed

in figure 4 were obtained. ' The range of the detector positions is

shown by the corss-hatched area. In these positions, the field at the

A detectors is maintained at a value greater than 75% of the maximum
available field.

The electrons, emitted by the source at the center of the
solenoid, fpllow a helical path in the magnetic field. The axis of the
heli# is displaced from the axis of the solenoid by the radius of the
helix. This radius may vary from zero, which corresponds to the electron
being emitted directly down the axis of the solenoid, to some radius rm,
which corresponds to the electron being emitted normal to the axis.

In the latter case, two effects must be considered.

(1) The electrons may have such a large radius of curvature

that they may not be incident upon the detector.

(2) The component of velocity along the axis of the solenoid
may not be large enough to collect all of the charge
within the integration time of the amplifier. This is
of particular concern where the two detectors at either
end are run in parallel, with their outputs summed as
the electron scatters from the detector at one end to

the detector at the other. It must then traverse the

length of the solenoid in a time which is short compared

to the integration time of the amplifier.
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The first effect depends upon the size of the magnetic field and
the dimensions of the detectors. A charged particle with a momentum p
in the direction normal to a magnetic field B, is constrained to move
in a circle of radius r, as defined by p = (Be) r where.e is the
electronic charge. This radius will vary from zero to some maximum
radius rm depending on the component of momentum perpendicular to the
field. In the superconducting magnet spedtrometer, the electron will
have the maximum radius when it is emitted from the source in a direction
normal to the magnetic field of the solenoid. Since E=T + 1,
E = (T + 1) and using the relationship ¥ = [ + 1 the maximum radius

that a particle of kinetic energy T, emitted normal to the field B, can

attain is
_ O (1® 4+ 2m)¥
r, = p/Be = Be (20)

The maximum radius rm as a function of the electron energy and the
magnetic field has been calculated and is shown in figure 5. For the
detectors used, the spectrometer was operated in the cross-hatched
region. The superconducting magnetic was capable of 30 kilogauss, and
the experiments run at 25 kilogauss.

The second effect is more serious since the full energy of some
electrons will never be detected. In calculating the importance of
this effect, the assumption is made that the particles are initially
emitted from the source in an isotropic distribution. Then the total
number of particles emitted is pfoportional to the surface area of a
sphere, concentric with the source. This sphere is shown in figure 6

with the additional assumption that the source is a point source.
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This last assumption is a good one since the total source intensity

needed is only a few nanocuries. This means that the source area cam

be much smaller than that used in other types of spectrometers and, in

our case, it is usually less than 1 mm®. Therefore, the number of

particles emitted within an angle @ = O to § = m ~ 6 where 0 is

measured with respect to the axis of the solenoid, is proportional to

the fraction of the sphere swept out by rotating around the axis.

Performing the integration, the number emitted with this angle is

proportional to cos 6.

The time of flight of the particles is determined by their

component of velocity, vz, parallel to the field, and by the distance

from the source to the detector. This time of flight, t, is given by

t = z/vz

The kinetic energy of the partfcles is

T:“,‘a —mca
‘/'1_?

where B = v/c

Therefore, solving for Bz, equation becomes

1 /3

T + 1|3
z

mee

Bz = vz/c = |1=

and since

T =T cos® ©
z
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mc®
T

(1 -t;—z{-‘)a )1/3-1

N = cos 8 = { } /2 (21)

where t is the collection time of the detecting system, in this case,

the integration time of the amplifier. In figure 7, this fraction,
expressed as a percentage, has been ploted as a function of integration
time for different electron energies. Only one traversal from the
source to the detector has been considered. However, for integration
times the order of one microsecond, this fraction is still quite small
for several traversals.

Figure 8 is a block diagram of the electronics. The use of
a multichannel analyzer eliminates the necessity of taking a spectrum
point-by-point as is required in other spectrometers. The collection
efficiency is such that even with a 20 nanocurie source, run times

were usually 40 minutes or less.

Operation and Experiments

The initial experiments were performed using one detector at a

207
time to observe the conversion electron spectrum of Bi . Since

B1207 decays from the ground state to the excited states of szo7 by
electron capture, there is no competition with the~conversion or
internal Compton spectrum from a beta branch. Of the five gamma rays,
the 570 keV, pure electric quadrupole is the most intense, followed by
the more highly converted 1064 keV, magnetic octupole transition. The
high internal conversion coefficients for this well known nucleus

make it ideally suited for investigating the operation of the supercon-

ducting magnet spectrometer. The increase in collection with the field
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on is in agreement with the source strength, as determined by knowing
the specific activity and the amount of material pipetted onto the
source-backing.

Compared in figure 9 are the spectrums with and without the
field, as seen with one detector. It shows that the Compton distribu-
tion has been significantly reduced, but that the backscattering tail
is still evident.

With two detectors in parallel, this tail should be eliminated
since the scattered electron is in coincidence with the energy retained
in the first detector. In figure 10 the spectrum taken with this
arrangement is shown. It is evident Fhat there remains a low energy
tail on the distribution. We have investigated this portion of the
spectrum and find it to be consistent with several calculations of the
internal Compton effect. We believe this to be the first direct
spectral observation of this phenomenon.

In any experiment where the effect under consideration is
small, it is necessary to determine whether the contribution from back-
ground is significant. The region from channel 100 to 160 (in figure 10)
has been expanded, and is plotted in figure 11. Two additional sets of
data are shown. A spectrum was measured with the superconducting magnet
turned off, and a background spectrum of nearly constant amplitude,
approximately 1% of the field-on spectrum, was observed. To determine
the contribution of any gamma ray events, aluminum absorbers were
placed before the detectors to absorb any beta rays. Both background
spectrums have been measured well below the peak of the internal

conversion line where the spectral distribution would be expected to
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result from the internal Compton effect. The dashed line represents
the standard deviation of the counds in the field-on spectrum and
indicates, by comparison, the negligible contributions of the back-

ground and gamma ray spectrum.

Conclusion

The superconducting magnet spectrometer, when operated in
conjunction with silicon solid state detectors, provides a new method
for analyzing electron spectra under conditions of minimum distortion
from gamma or backscattering distributions. The instrument has the
advantage of being relatively compact and requiring little supporting
equipment. 1Its operational capabilities have been investigated
primarily in the observation of the internal conversion spectrum and
thk=2 internal Compton effect, but its applicability exists wherever it
is desired to study electron spectra at the high resolution afforded by

solid state detectors.
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CHAPTER IV
ANALYSIS

In order to apply any of the theoretical calculations for the
internal Compton effect to the observed data it is necessary to as-
certain the intensity of the internal conversion line for each transi-
tion, and to account for the amount of distortion the finite linewidth
of the detectors introduces into the spectrum.

Since the superconducting magnet spectrometer provides complete
collection of the emitted particles, the intensity of the conversion
line has no dependence upon the efficiency or solid angle of the
detectors. 1In the case of a continuous spectrum, however, it is
necessary to make a judgment on the extent of the conversion line.
This was established by folding the high energy side of the conversion
peak symmetrically onto the low energy side, with the assumption that
the high energy side is free from any distortion aéide from the reso-
lution of the detectors. The peak so generated in this process is
illustrated in figure 12 for the 975 keV conversion line.

The reliability of this method was checked in two ways. The
conversion line intensities, represented by the area under each peak,
and the accepted values for the conversion coefficients can be used

to calculate the total intensity of the transition. This was performed
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for both the 975 and 481 Kev conversion lines and the ratio of these
intensities compares favorably with the reported values. The K/L
ratio, defined as the number of conversion electrons ejected from the
K shell, divided by the number ejected from the L shell, can be
compared with other experimental and theoretical values for each
transition. A comparison of these checks is made in Table I and II.
It is possible for the linewidth of the detectors to distort
the spectrum because the number of counts registered in any energy
interval, or channel as it is represented on a multichannel anaiyzer,
is only proportional to the number of particles which actually had
that energy on entering the detector. Consider figure 13. If one
assumes a monoenergetic source, such as an idealized conversion line
of intensity ﬂT(I), where 1 represents an index on the energy interval,
then the effect of a detector with a finite resolution is to spread
these counts over a ngmber of channels each with an intensity ﬂo(I).
Assuming that no particles escaped the detector, the sum of the
broadened distribution should equal the intensity of the monoenergetic

line. This can be expressed as

(D) = T (1K)

k=-n (22)

where 2n equals the number of channels over which the detector distri-
buted ﬂT(I).

When this analysis is applied to a continuous distribution of
incoming particles, the net effect is that the detector only records a

fraction of the counts that entered within the energy interval I, but
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TABLE 1

NK(CE)

TRANSITION THEORETICAL OTHER
NLH(CE) K/L RATIO EXPERIMENTAL
K/LM RATIOS
1064 keV 3.19 3.74%° 3.3516
7
975 keV(CE) 3.40"
570 keV 2.45 3.8 2.07%6
481 keV(CE) 3.0'7
TABLE 1I
TRANSITION N (1064 keV) OTHER THEORETICAL
N, (570 keV) EXPERIMENTAL INTENSITY
INTENSITY RATIOS RATIO
1064 keV 0.80 o0.87%7 0.925°
570 keV
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adds to this contributions from adjacent channels. Thus the number of

counts, NO(I), displayed on the analyzer is given by

n

N (1) = FGON (I+k)  with F(k) = T (D)
o T ——
T]o (I+k)
k=-n (23)

where 2n is the resolution of the detector in channels as determined
by observing the distribution of a monoenergetic conversion line.
Provided the resolution of the detector is relatively constant over
the energy range under consideration, the theoretical distributions,
NT(I), can be corrected for this effect by applying equation (23)

to fold in the resolution of the detectors. If the slope of the
theoretical distribution does not vary too greatly over the number of
channels corresponding to the energy resolution, folding in the
resolution will have little effect. This calculation was performed
for 19 theoretical spectra with less than a 2% change in the region
of interest.

In an analytical comparison of the theoretical work with the
experimental data, three characteristics should be evaluated: the
intensity of the effect should agree in magnitude with the data to
demonstrate that the distribution observed is actually the internal
Compton effect; the energy distribution should be considered to reveal
any discrepancies or similarities in shape with the data or other
calculations; the multipolarity dependence should be investigated to
determine whether a unique assignment can be given to a transition

on the basis of the theoretical calculation.




The theoretical calculations for the internal Compton effect
involving K shell electrons are compared to the observed data in
figure 14.

In evaluating these results, it is necessary to restrict the
comparisons to the energy range below the internal conversion line.
As in figure 12 for the 975 keV conversion line, this range may extend
up to channel 166, but on the basis of the line folding considerations,
the validity of the results are restricted to below channel 160 for
the M4 transition and below channel 60 for the E2 transition.

For the calculation of Spruch and Goertzel, the Born approﬁi-
mation requires that the electron momentum, p, obey the relationship
p Do Z~0.6 m®. This is violated for 81%%7 in the region of interest,
but the agreement at higher energies may be explained by this in-
equality improving as the energy approaches that of the conversion
line. Spruch and Goertzel expect close agreement with experimental
data because they have calculated a relative probability coefficient,
i.e., the probability of the internal Compton effect divided by the
probability for internal conversion. Since both calculations are
performed in the Born approximation, errors resulting from the approxi-
mations may have been lessened and agreement is expected at least in
the range where the Born approximation is able to predict accurate
values for the internal conversion coefficients.

The theory of Baumann and Robl yields relatively good agreement
with the data for the magnetic transition but much less satisfactory

results for the electric transition. Their work was performed under
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the requirement that k> o Zt..6 mc® which is not satisfied for either
transition. To calculate the intensity of the internal Compton effect
from their work, it is necessary to multiply the probability coefficient,
¥, by the number of decays, both electron and gamma, undergone by the
transition under study. This number can easily be obtained if one

knows the internal conversion coefficient, o, and the number of

K
conversion electrons emitted. Since oy = NK(CE)/NY therefore
N, (CE)
N = K and the total number of transitions N_ = N,(CE) + N
A TOK Y
K
is given by
N,r = NK(CE) a+ l/aK) (24)

It should be noted that any error in the experimental values
for NK(CE) or o will signigicantly alter the intensity of the result.
However, the more serious problem is probably the violation of the
requirement k> a Z by application of this theory to B1207.

Iakobson has calculated the internal Compton effect nonrela-
tivistically with the requirement that W< mc®. This inequality is not
satisfied for either transition considered. It was not possible to
apply the multipolarity dependent calculation to the M4 transition
because the gross violation of the energy requirement yielded a
meaningless answer. It was possible, however, to apply the Z and
multipolarity independent formula with relatively good agreement.

In this formula Iakobson, like Spruch and Goertzel, divides the proba-
bility for the internal Compton effect by the nonrelativistic probabi-

lity for internal conversion. The agreement of Iakobson's calculation,

even with such large violations in the energy and Z requirements,
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indicates that this type of calculation may have a greater range of
validity and may be less sensitive to the approximations than the
expressions relating the internal Compton effect to the probability of
a nuclear transition. For the electric transition, the multipolarity
dependent and the multipolarity independent formula of Iakobson yield
identical results that are in good agreement with the data.

The bremsstrahlung calculation by Knipp-Uhlenbeck shows the
largest variation in intensity from the data. This is probably due in
part to the assumption that Z = 0 and to the fact that the calculation
is independent of the multipolarity of the transition.

In order to accurately compare the data with the theoretical
predictions, it is necessary to take into account the contribution
from the L shell electrons. Spruch points out the L shell coefficient
may be calculated by replacing Z by 2/2 and including the change in
binding energy in equation (11). Figure 15 illustrates the result of
these calculations. The dashed line represents an assumed shape for the
L distribution as determined by normalizing the K and L shell conversion
peaks and assuming the same energy dependence. For both transitions,
neither theory seems to be in agreement with each other or what might
be expected for the L shell contribution. On the basis of these curves,
it seems that equation (12) cannot adequately predict the ﬁagnitude or
the energy dependence of the L shell internal Compton effect.

Figure 16 indicates the effect of considering the contribution
of the L shell to the theoretical predictions. This has increased the
agreement of Baumann and Robl's calculation for the magnetic transition,

but lessened that of Spruch and Goertzel's. The calculations of Knipp
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and Uhlenbeck and the multipolarity independent formula of Iakobson
have not been included because they have no dependence upon Z and the
L shell contribution could not be calculated.

The energy dependence of the various theoretical distributions
may be compared to the data by normalizing the intensities at one
energy. For the internal Compton effect from the K shell, the energy
dependence of the calculations for the magnetic transition all show a
consistent deviation from the data. In each case the theoretical
distribution has a much smaller slope than the data. This effect may
be significant in view of the fact that if the lack of intensity
agreement was due to instrumentally produced background, the slope of
the data would be smaller than the theoretical calculations. When the
K and L shell contributions are considered together, the deviation of
the energy distribution remains, although the agreement with the
theories of Baumann and Robl, and Spruch and Goertzel is better. For
the electric transition, the theoretical distributions for the K shell
internal Compton effect are scattered around the data with Baumann and
Robl's calculation predicting the best agreement.

As was stated in the introduction, one would hope that the
internal Compton effect might provide another method of determining
the multipole order of a transition. In order to check this possi-
bility, calculations were performed on each theory for several values
of multipolarity and the resulting curves compared to the data with
respect to the intensity and energy distribution. An example of the
distribution derived from Baumann and Robl's theory for the magnetic

transition is illustrated in figure 17 and figure 18. It should be
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noted that where the @y was assumed to be known, the intensity of the
internal Compton effect increased with multipole order, while this
dependence was reversed when the value of the conversion coefficient
was taken from the Born approximation. The conclusions that can be
derived from the comparison of the calculations to the observed data
are listed in Table 111 where the experimental value of the internal
conversion coefficient is used, and in Table IV where the coefficients
are taken from the calculations in the Born approximation and are
different for each multipolarity. It should be noted that the energy
distribution was not a strong function of multipole order but at times
could be used independently for a multipolarity assignment.

Another series of calculations were performed to ascertain
whether the theoretical calculations were capable of distinguishing
between the electric or magnetic character of a transition. This was
done by applying the theoretical calculations for the electric transi-~
tions to the data resulting from the magnetic transition and conversely.
The conclusions that were reached are listed in Table V. In general,
the energy dependence of the distributions was in such poor agreement
with the data that no multipolarity assignment could be made on this

basis.




TABLE IIX

AS PREDICTED BY

TRANSITION BAUMANN AND ROBL IAKOBSON
(1) (E) 1)
1064 keV, M4 Ne - M4 Omd
570 keV, E2 N - E1 El or E2 N, - E2

(I) Represents intensity comparison, (E) Represents energy distribution

comparison.
TABLE 1V

TRANSITION AS PREDICTED BY

SPRUCH AND GOERTZEL BAUMANN AND ROBL TAKOBSON

1) (E) (1) (E) (1)

- 2> > - -

1064 keVv, M4 NK M4 M4 Nx M2 NK M4

N - >M4

570 kevV, E2

- > - E2 N = <ZEl
NK E4NK K 4

(I) Represents intensity comparison, (E) Represents energy distribution

comparison.
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TABLE V

TRANSITION AS PREDICTED BY
SPRUCH AND GOERTZEL BAUMANN AND ROBL IAKOBSON
(1) (1) (1)
1064 keV, M4 NK - >E4
NK - E3 ax known
570 keV, E2 Nl - Ml Nx - M

g

- M2-M3 o known

K
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CHAPTER V

CONCLUSION

The purpose of comparing the theoretical predictions to the
observed data is to identify the distributions below the conversion
lines as resulting from the internal Compton effect. Although the
agreement is not perfect, it is relatively certain that this is indeed
a plausible explanation for the data.

There are however, certain reservations which must be considered.
In applying the theoretical calculations to the distributions resulting
from the decay of 81207, the requirements set by the Born approximation
have been violated. The inequality p>>aZ indicated that the accuracy
of the predictions should improve as the calculation approaches the
energy of the conversion line. In this region, however, it becomes
difficult to compare the theoretical distributions to the data because
of the necessity to account for the distortion due to the resolution of
the detectors.

As previously mentioned, the calculations of Baumann and Robl
were applied in violation of the requirement k»>Z which is onRrly
satisfied for small electron energies. Since the intensity of the
internal Compton effect electron spectrum is peaked at high electron
energies, it is difficult to satisfy this requirement and still have a

measurable effect.

53



The Z dependence of the internal Compton effect coefficient
illustrated in figure 19 indicates that it is a decreasing function of
atomic number. This means that the probability of the internal Compton
effect per conversion electron decreases with Z, but not necessarily the
total intensity of the effect. Actually, the intensity increases with
Z, but more slowly than the internal conversion coefficients. This
fact indicates, that from the standpoint of intensity, it is worth-
while to study the high Z nuclei although currently available theoretical
calculations are restrictive in this regard.

As indicated in figure 15, the contribution of the L shell
internal Compton effect to that of the K shell is not negligible, and
may significantly alter the intensity and the energy distribution. To
provide an accurate comparison of the theoretical calculations to the
data it is therefore necessary to consider the L shell contribution.

As figure 15 illustrates, however, the calculations that were performed
yielded little agreement, either among themselves or on the basis of
comparison with the K shell calculations.

The agreement of the data and the theoretical predictidns of
the internal Compton effect, while sufficient to suggest the origin
of the data, is not accurate enough to provide a unique determination
of the character and multipolarity of the transitions in B1207. One
of the possible advantages of making assignments on the basis of the
internal Compton effect is that it has a distribution in energy that
can be directly compared to the data. In many cases, the energy
dependence of the internal Compton effect, while small, was more capable

of distinguishing between multipole orders than was the intensity.
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However, this requires that the energy dependence agree over some range
in energy which is difficult to.do when approximations favor one limit
- of the spectrum. The conclusion that can be reached on the determina-
tion of multipole orders and the character of the transition is that

for a high Z nuclei such as 81207, the theoretical calculations yield

inconsistent results.
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